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Scientific Progress
The workshop entitled "Challenges in Integrated Computational Structure-Material Modeling of High Strain-Rate Deformation and Failure in Heterogeneous Materials" was held on the campus of Johns Hopkins University on September 5-6. The event consisted of the following: (i) Introductory talk on Army perspectives by Dr. J. Zheng of ARL, (ii) Introductory talk on the gaps and needs in the development of a robust framework for integrated computational structurematerial modeling of high strain-rate deformation and failure in heterogeneous materials by Prof. S. Ghosh The talks and panel discussions were able to identify areas of opportunities that exist with respect to future research directions. In particular, serious gaps remain in a consistent approach for integrated computational material-structure modeling that is needed for developing predictive capabilities of high strain-rate deformation, damage and failure in heterogeneous materials for Army applications. All talks where possible were collected and will be available as support to this report to participants and ARO. Overall Summary and Recommendations Effective multi-scale modeling of dynamic response and failure of materials at high strain-rates is of considerable interest to the DoD community for design and development of novel armor and ammunitions. Over the last few decades, the Computational Mechanics and Mechanics of Materials communities have made important strides towards advancing modeling capabilities in dynamic material behavior. However, an important aspect that has not been adequately addressed is a comprehensive integrated approach, coupling novel developments and innovations in the fields of multi-scale computational mechanics and materials science and engineering, leading to prediction of structure-materials response and failure behavior. This is more than isolated developments in these fields. For example, advances in multi-scale physics-based constitutive and damage representation cannot be fully realized unless these are appropriately coupled with computational methods that can represent their effects. Physics-informed adaptivity is at the core of such evolving problems that should be coupled with the constitutive and damage response. Also, the ICMSE (integrated computational materials science and engineering) thrusts in building image-based models at different scales cannot be fully realized unless they are intricately coupled with appropriate computational tools. Thus, development of a comprehensive framework that couples multi-scale computational mechanics, materials science, and experiments for response of failure analysis under dynamical loading is seen as an important initiative that can be advanced by the Army Research Office. Summary Conclusions The Computational Mechanics and Mechanics of Materials communities have made great strides in advancing our ability to numerically represent the dynamic response of materials over the past generation. The conversation of this meeting was an honest discussion of our ability to represent and predict dynamic damage, failure, and fragmentation of materials for applications of interest to the U. S. Army. The discussion was broad and extremely enlightening. There are many areas which remain unsolved, however one of the most urgent is in improving the physical representation of the damage and failure process through improved mechanistic based tools. The group envisioned using lower length scale physical models to articulate dominant physical processes during dynamic loading. These tools and new physical understanding would then be brought to bear on problems of significance to the Army and for which accurate numerical representation is presently out of reach. These tools could in turn be used to enhance soldier safety and for weight reduction in armored vehicles. 1) The general state of ductile damage modeling within the DoD/DoE complex is presently represented largely by macro-scale engineering models which are based upon the traditional Gurson approach from 1977. These are general purpose engineering models which lack specific mechanistic information and therefore do not perform well. The model is evaluated against a suite of experimental information and the parameters are generally not physically based. 2) Since the physical process is poorly represented through the equations representing the material, when macroscopic softening occurs during damage evolution these equations lose hyperbolicity and therefore a unique solution is generally lost.
This can lead to numerical instability and severe mesh sensitivity. Generally non-local material models are being looked at to introduce appropriate physical length scales into the equations so that the equations remain normalized throughout the damage process. 3) Traditional Lagrangian or Eulerian codes typically used within the DoD/DoE complex are generally inadequate to representing the evolving morphology and material heterogeneity important to damage evolution. Data structures are generally not well suited to handle non-local material models and new free surfaces are generally not easily created without violation of physical laws (e.g. conservation of mass or energy). Numerical advection in ALE and Eulerian codes also damages the material state variable set during remapping of information. This is especially true for damage fields where highly localized events take place and steep gradients in material state are nearly impossible to remap properly. 4) During dynamic loading new experimental techniques must be developed to measure in-situ physical events. This is currently not possible and therefore existing dynamic experimental work must be conducted in close concert with numerical micromechanical research to articulate the dominating physics of behavior during dynamic loading. We cannot develop physically based models and move away from the present tools without direct physical information. 5) Overall this is a major challenge for the materials and mechanics community and much work remains. Very tightly coupled Theoretical/Computational/Experimental programs must be performed in order to improve our numerical representation of damage and failure of materials under dynamic loading conditions. Overall, the topic of this workshop still remains a severely challenging one for all communities involved. As yet, the world-wide community does not possess a satisfactory way in which to predict the general damage and failure of materials under the loading conditions of interest to the Army and ARO. Much of this stems from the lack of mechanistic understanding of the complex process by which materials damage and fail. We must move beyond general purpose phenomenological approaches to modeling if we are to intelligently simulate extreme loading conditions. Solving this problem satisfactorily will require tight collaboration between, experimental, theoretical, and computational communities. In fact, it would be most beneficial if the communities begin to overlap in their work and understand each other's world. With respect to the four identified modules, contributing to the overall objectives, the following opportunities are identified. I. Physics-Based Spatial and Temporal Multi-Scale Model Development (a) Physics-based constitutive and damage models at higher scales from consistent homogenization of deformation and failure mechanisms at lower scales are generally missing. These models should explicitly account for morphological characteristics, as well as evolution of different mechanisms at the lower scales. Image-based micro-and mesoscopic computational models with morphological and crystallographic details at each scale, representing dominant deformation/failure mechanisms should be developed for this task. Limits of homogenization should be identified in terms of physics-based criteria. Deterministic homogenization methods should be extended to stochastic homogenization, accounting for the distributions of heterogeneous structures at each length scale. (b) Novel spatial and temporal multi-scale models for deformation, localization, and failure of heterogeneous materials and structures should be developed. In spatial multi-scaling, hierarchical and adaptive-concurrent multi-level models may incorporate bottom-up and top-down coupling for transcending scales. Temporal multi-scaling is necessary for bridging the time-scale gap for different mechanisms. Special time-step acceleration, temporal coarse graining schemes and asynchronous time integrators are needed to overcome this bottleneck. (c) Advanced computational methods that can adequately account for evolution of deformation and damage variables, as well as account for evolving topology with fracture and failure should be developed. Adaptive mesh/physics refinement/enrichment is a necessary ingredient. There is need for development of novel computational methods that can overcome the limitations of lower order conventional FEM. (d) Appropriate image-based representative volume elements (RVE's) at each scale for different properties should be determined using statistical methods of microstructural characterization and micromechanical analysis. Investigations on the validity of RVE's at each scale in the presence of localization and cracking, as well as their evolution and scale-transition are important. The need for scale-dependent RVE/SVE and associated homogenization for specific properties at a given length scale. II. Probabilistic Modeling & Uncertainty Quantification (a) Effective use of probabilistic mechanics, incorporating data from advanced imaging into advanced modeling capabilities through uncertainty characterization of material structure, uncertainty identification in material properties and RVE, mapping material structure uncertainty to structural performance are essential ingredients of robust modeling. These methods should also be applied for validation studies. (b) Develop the mathematics and computational methodology to couple uncertaintly quantification tools with numerical simulations to make real-time assessment of when refinement of numerical treatment is necessary. Use these tools to also assess probability of failure for a simulation rather than relying entirely on predicting rare events explicitly. III. Multi-Scale Data Acquisition, Characterization & Image-Based Virtual Models (a) High-fidelity 3D characterization provides information about the microstructure at multiple length scales, particularly about "outlier" features which control extreme events. A closely related effort is the development of image-based models from the microstructural data. The relation between these image-based models (both CAD based and statistical) and the microstructural
IV. Experimental Methods for Constitutive Models, Response Functions and Failure Processes (a) Sophisticated multi-scale experiments are needed both for discovery (mechanisms) and model calibration over a range of operating conditions at different scales. They should be able to identify underlying mechanisms and provide the models with the requisite fundamental physics, chemistry, and materials science. Experiments should provide model parameters, validate key predictions, and supplement and extend the range of validity and reliability of the models. (b) An important part of the process of representing the damage and failure response of materials is thermodynamic consistency in representing deformation. This includes large deformation plasticity. We as yet do not have a mechanistic linkage between the energy of deformation for large deformation plasticity and the microstructural evolution. As the material is deformed at different rates, where is the energy dissipated?
Technology Transfer
The final summary recommendations of this workshop was provided to the then program manager Dr. Larry Russell. The talks and panel discussions were able to identify areas of opportunities that exist with respect to future research directions. In particular, serious gaps remain in a consistent approach for integrated computational material-structure modeling that is needed for developing predictive capabilities of high strain-rate deformation, damage and failure in heterogeneous materials for Army applications. All talks where possible were collected and will be available as support to this report to participants and ARO.
Overall Summary and Recommendations
Effective multi-scale modeling of dynamic response and failure of materials at high strain-rates is of considerable interest to the DoD community for design and development of novel armor and ammunitions. Over the last few decades, the Computational Mechanics and Mechanics of Materials communities have made important strides towards advancing modeling capabilities in dynamic material behavior. However, an important aspect that has not been adequately addressed is a comprehensive integrated approach, coupling novel developments and innovations in the fields of multi-scale computational mechanics and materials science and engineering, leading to prediction of structure-materials response and failure behavior. This is more than isolated developments in these fields. For example, advances in multi-scale physics-based constitutive and damage representation cannot be fully realized unless these are appropriately coupled with computational methods that can represent their effects. Physics-informed adaptivity is at the core of such evolving problems that should be coupled with the constitutive and damage response. Also, the ICMSE (integrated computational materials science and engineering) thrusts in building image-based models at different scales cannot be fully realized unless they are intricately coupled with appropriate computational tools. Thus, development of a comprehensive framework that couples multi-scale computational mechanics, materials science, and experiments for response of failure analysis under dynamical loading is seen as an important initiative that can be advanced by the Army Research Office.
Summary Conclusions
The Computational Mechanics and Mechanics of Materials communities have made great strides in advancing our ability to numerically represent the dynamic response of materials over the past generation. The conversation of this meeting was an honest discussion of our ability to represent and predict dynamic damage, failure, and fragmentation of materials for applications of interest to the U. S. Army. The discussion was broad and extremely enlightening. There are many areas which remain unsolved, however one of the most urgent is in improving the physical representation of the damage and failure process through improved mechanistic based tools. The group envisioned using lower length scale physical models to articulate dominant physical processes during dynamic loading. These tools and new physical understanding would then be brought to bear on problems of significance to the Army and for which accurate numerical 3 representation is presently out of reach. These tools could in turn be used to enhance soldier safety and for weight reduction in armored vehicles.
1) The general state of ductile damage modeling within the DoD/DoE complex is presently represented largely by macro-scale engineering models which are based upon the traditional Gurson approach from 1977. These are general purpose engineering models which lack specific mechanistic information and therefore do not perform well. The model is evaluated against a suite of experimental information and the parameters are generally not physically based. 2) Since the physical process is poorly represented through the equations representing the material, when macroscopic softening occurs during damage evolution these equations lose hyperbolicity and therefore a unique solution is generally lost. This can lead to numerical instability and severe mesh sensitivity. Generally non-local material models are being looked at to introduce appropriate physical length scales into the equations so that the equations remain normalized throughout the damage process. 3) Traditional Lagrangian or Eulerian codes typically used within the DoD/DoE complex are generally inadequate to representing the evolving morphology and material heterogeneity important to damage evolution. Data structures are generally not well suited to handle non-local material models and new free surfaces are generally not easily created without violation of physical laws (e.g. conservation of mass or energy). Numerical advection in ALE and Eulerian codes also damages the material state variable set during remapping of information. This is especially true for damage fields where highly localized events take place and steep gradients in material state are nearly impossible to remap properly. 4) During dynamic loading new experimental techniques must be developed to measure insitu physical events. This is currently not possible and therefore existing dynamic experimental work must be conducted in close concert with numerical micromechanical research to articulate the dominating physics of behavior during dynamic loading. We cannot develop physically based models and move away from the present tools without direct physical information. 5) Overall this is a major challenge for the materials and mechanics community and much work remains. Very tightly coupled Theoretical/Computational/Experimental programs must be performed in order to improve our numerical representation of damage and failure of materials under dynamic loading conditions.
Overall, the topic of this workshop still remains a severely challenging one for all communities involved. As yet, the world-wide community does not possess a satisfactory way in which to predict the general damage and failure of materials under the loading conditions of interest to the Army and ARO. Much of this stems from the lack of mechanistic understanding of the complex process by which materials damage and fail. We must move beyond general purpose phenomenological approaches to modeling if we are to intelligently simulate extreme loading conditions. Solving this problem satisfactorily will require tight collaboration between, experimental, theoretical, and computational communities. In fact, it would be most beneficial if the communities begin to overlap in their work and understand each other's world.
With respect to the four identified modules, contributing to the overall objectives, the following opportunities are identified.
I.
Physics-Based Spatial and Temporal Multi-Scale Model Development (a) Physics-based constitutive and damage models at higher scales from consistent homogenization of deformation and failure mechanisms at lower scales are generally missing. These models should explicitly account for morphological characteristics, as well as evolution of different mechanisms at the lower scales. Image-based micro-and mesoscopic computational models with morphological and crystallographic details at each scale, representing dominant deformation/failure mechanisms should be developed for this task. Limits of homogenization should be identified in terms of physics-based criteria. Deterministic homogenization methods should be extended to stochastic homogenization, accounting for the distributions of heterogeneous structures at each length scale. (b) Novel spatial and temporal multi-scale models for deformation, localization, and failure of heterogeneous materials and structures should be developed. In spatial multi-scaling, hierarchical and adaptive-concurrent multi-level models may incorporate bottom-up and topdown coupling for transcending scales. Temporal multi-scaling is necessary for bridging the time-scale gap for different mechanisms. Special time-step acceleration, temporal coarse graining schemes and asynchronous time integrators are needed to overcome this bottleneck. (c) Advanced computational methods that can adequately account for evolution of deformation and damage variables, as well as account for evolving topology with fracture and failure should be developed. Adaptive mesh/physics refinement/enrichment is a necessary ingredient. There is need for development of novel computational methods that can overcome the limitations of lower order conventional FEM. (d) Appropriate image-based representative volume elements (RVE's) at each scale for different properties should be determined using statistical methods of microstructural characterization and micromechanical analysis. Investigations on the validity of RVE's at each scale in the presence of localization and cracking, as well as their evolution and scale-transition are important. The need for scale-dependent RVE/SVE and associated homogenization for specific properties at a given length scale.
II.
Probabilistic Modeling & Uncertainty Quantification (a) Effective use of probabilistic mechanics, incorporating data from advanced imaging into advanced modeling capabilities through uncertainty characterization of material structure, uncertainty identification in material properties and RVE, mapping material structure uncertainty to structural performance are essential ingredients of robust modeling. These methods should also be applied for validation studies. (b) Develop the mathematics and computational methodology to couple uncertaintly quantification tools with numerical simulations to make real-time assessment of when refinement of numerical treatment is necessary. Use these tools to also assess probability of failure for a simulation rather than relying entirely on predicting rare events explicitly.
III.
Multi-Scale Data Acquisition, Characterization & Image-Based Virtual Models (a) High-fidelity 3D characterization provides information about the microstructure at multiple length scales, particularly about "outlier" features which control extreme events. A closely related effort is the development of image-based models from the microstructural data. The relation between these image-based models (both CAD based and statistical) and the microstructural characteristics should be investigated. (b) Begin to adapt the high-fidelity 3D characterization tools presently under development to high rate environments. The physical mechanisms a material chooses to employ under high rate loading conditions will likely be different than under less severe conditions. We must obtain more mechanistic insight experimentally at higher rates. We are relying almost entirely on numerical physics calculations for this information now.
IV.
Experimental Methods for Constitutive Models, Response Functions and Failure Processes (a) Sophisticated multi-scale experiments are needed both for discovery (mechanisms) and model calibration over a range of operating conditions at different scales. They should be able to identify underlying mechanisms and provide the models with the requisite fundamental physics, chemistry, and materials science. Experiments should provide model parameters, validate key predictions, and supplement and extend the range of validity and reliability of the models. (b) An important part of the process of representing the damage and failure response of materials is thermodynamic consistency in representing deformation. This includes large deformation plasticity. We as yet do not have a mechanistic linkage between the energy of deformation for large deformation plasticity and the microstructural evolution. As the material is deformed at different rates, where is the energy dissipated?
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